ABSTRACT: Shell-on tails of male (M), nonspawning female (F), and spawning female (SF) Australian red claw crayfish (Cherax quadricarinatus) (n = 270) were aerobically stored at 2
Introduction

R ed claw crayfish (Cherax quadricarinatus)
, a tropical freshwater crustacean species so named for the striking reddish orange patches on the claws of the adult males, is native to Australia but is being commercially cultured in other parts of the world. Red claw crayfish are similar to native American crayfish in their general anatomy, reproduction, and feeding habits. However, red claw crayfish differ from American crayfish in that they have a larger potential size and higher percentage of dress-out (meat), can grow at temperatures ranging from 21
• C to 32
• C, and the females have multiple annual spawning and higher fecundity (Jones 1989; Masser and Rouse 1997) . In a hatchery, mature female red claw crayfish can spawn almost continuously throughout the year if conditions are suitable. Each female will produce 100 to 1000 eggs per spawn depending on her size and general health (Masser and Rouse 1997; Jones 1998 ).
There have been numerous studies on red claw crayfish nutrient requirement (Figueiredo and Anderson 2003) , diet formulation optimization (Muzinic and others 2004; Thompson and others 2004) , disease control (Edgerton and others 2002) , reproduction and hatching technology (Jerry and others 2005) , and productive characteristics (Nguyn and Austin 2004) . In contrast, there are limited data available on red claw meat quality, and the influence of gender and spawning condition on the quality attributes of crayfish muscle is completely unknown.
Meat quality as related to palatability is a complex concept that is defined by a number of parameters, including muscle chemical composition, protein water-binding ability, muscle shear force, lipid oxidation, and flavor components. In a previous study conducted in our laboratory others 2002, 2003) , quality changes in red claw tail stored at 0
• C or subjected to multiple freeze-thaw cycles were investigated. The results showed that red claw muscle was somewhat resistant to protein denaturation and lipid oxidation at the refrigerated temperature, but was susceptible to repeated freezing-thawing. Our more recent study demonstrated that dipping with antioxidant solutions effectively inhibited lipid oxidation and texture deterioration in red claw stored in a −20
• C freezer for up to 6 mo (Tseng and others 2005) .
The influence of spawning on muscle protein quality of hake (Merluccius hubbsi Marini), although nonshellfish species, has been studied. Pérez-Borla and others (2002) showed that autolytic activity of muscle extracts from prespawning hake was significantly higher than that of postspawning fish. Montecchia and others (1997) found that fillets from prespawning hake stored at −20
• C deteriorated more rapidly than postspawning hake in terms of loss of protein solubility. Beas and others (1991) reported that postspawning hake muscle protein was more stable than prespawning hake muscle protein. These reports seemed to suggest that the spawning status of red claw crayfish could also impact the quality of the crayfish meat quality during storage.
The objective of the present study was to determine possible differences in the muscle quality of male, nonspawning female, and spawning female red claw crayfish during refrigerated storage (2 • C). Muscle pH, chemical composition, lipid oxidation, cooking yield, shear force, and sensory characteristics were analyzed in order to identify possible influence of gender and spawning on meat quality stored at the refrigerated temperature.
Materials and Methods
Materials
Juvenile red claw crayfish (6.3 ± 3.0 g stocking weight) were grown in 0. Center, Frankfort, Kentucky for 12 wk (June 2, 2005 to September 22, 2005 to a mean live weight of 58.9 ± 3.6 g. They were fed a wheat/soybean-based diet that contained 76% whole wheat, 10% wheat midds, 10% full-fat soybean meal, 1% menhaden fish oil, and a mixture of common minerals and vitamins. A total of 270 red claw crayfish [90 males (M), 90 nonspawning females (F), and 90 spawning females (SF)] were randomly collected from a large sample pool of over 2000 live red claw crayfish. SF red claw crayfish, which comprised 14% (average) of the total female population, were readily identified by the eggs adhered to the underside of the cephalothorax; F red claw crayfish were identified by a pair of genital pores at the base of the 3rd pair (counting from the head) of walking legs; and M red claw crayfish were recognized by a pair of small genital papillae (projections) at the base of the 5th pair of walking legs. After stunning by chilling in an ice slurry for 2 min, the cephalothorax were removed manually, and the tails (muscle, plus exoskeleton) were placed in iced coolers and shipped to the Univ. of Kentucky Food Protein Research Laboratory within 2 to 3 h of harvest.
Storage and sample preparation
Shell-on tails of red claw crayfish were separately placed in styrofoam trays (10 in each), over-wrapped with a PVC film, and stored in a 2
• C walk-in cooler for 0, 1, 3, 5, 7, and 10 d. During storage, fluorescent lights in the cooler were kept on to simulate supermarket retail display. At the end of each storage period, 3 tails from each animal group were deshelled and the pooled muscles were finely chopped by blending with a micro Waring blendor for proximate composition, pH, and lipid peroxidation analysis. Also for each storage time, 7 tails with shell on were cooked for cooking yield and muscle shear force measurements. On 0, 5, and 10 d of postmortem storage, an additional 10 red claw crayfish were used for sensory panel evaluation.
Proximate analysis
The analysis was done with a minimum of 3 muscle samples, and each sample was analyzed in triplicate. Protein was measured by the combustion method using a Model FP2000 Protein Analyzer (Leco Corp., St Joseph, Mich., U.S.A.). A 6.25 nitrogen-to-protein conversion factor was used for the calculation. Moisture was determined by drying the sample in a 105
• C oven to a constant weight. Crude lipid was measured by petroleum ether extraction in a Soxhlet apparatus (1043 Soxtec System, HT-Tecator, Fisher Scientific Co., Fair Lawn, N.J., U.S.A.) for 2.5 h at 60
• C. Ash content was measured as the residue after overnight heating of the samples in a 600
• C muffle furnace (Fisher Scientific Co.).
pH
An aliquot of 3 g of minced muscle was dispersed in 30 mL of deionized distilled water with a low-foam homogenizer (Brinkman Instruments, Inc., Westbury, N.Y., U.S.A.). The pH of the slurry was measured using an AB 15/15 + pH meter with a glass pH electrode (Fisher Scientific Co.). The pH was measured on 3 muscle samples, and each measurement was done in triplicate.
Thiobarbituric acid-reactive substances (TBARS)
Lipid oxidation was evaluated by TBARS according to Sinnhuber and Yu (1977) with slight modifications as described by Wang and Xiong (2005) . After reaction with TBA, the sample solution was mixed with chloroform (1:1 ratio, v/v), vortexed, and subsequently centrifuged at 1800 × g for 10 min. The TBARS value, expressed as mg of malonaldehyde/kg of muscle sample, was calculated using the following equation:
where A 532 was the absorbance (532 nm) of the assay solution, W s was the meat sample weight (g), and "9.48" was a constant derived from the dilution factor and the molar extinction coefficient (152000 M −1 cm −1 ) of the red, TBA reaction product. The assay was carried out with 3 muscle samples, and each sample was analyzed in triplicate.
Cooking
Seven shell-on tails were individually weighed and then cooked in boiling water (100
• C) for exactly 2 min, chilled to room temperature (21
• C) for 15 min, and weighed again. Cooking yield (%) was expressed as cooked shell-on weight divided by raw shell-on weight of red claw crayfish then multiplying by 100. After cooking yield measurement, the meat from each individual tail was subjected to instrumental textural analysis and taste panel evaluation as described below.
Instrumental textural analysis
Each of the 7 cooked, deshelled, red claw crayfish tails was weighed before being subjected to individual textural analysis. A Model 4301 Instron Universal Testing Instrument (Instron Corp., Canton, Mass., U.S.A.) with a Warner-Bratzler shearing device attached to the load cell (1000 N capacity) was used to measure the muscle shear force. The tail was placed in a transverse position to the blade so that the blade would cut through the 1st major muscle segment from the anterior of the cooked tail across the muscle fibers (Tseng and others 2005) . The cross-head speed of the Instron was 20 mm/min, and the 1st major peak (usually the highest, which represented the maximal shear force required to cut the muscle sample) was recorded. Shear force values (N) for individual red claw crayfish were normalized based on the weight (g) of the tails, and expressed as force per sample unit weight (N/g) to eliminate size effects (Srinivasan and others 1997).
Sensory evaluation
Sensory evaluation of cooked red claw crayfish (10 for each storage time) was conducted by an 8-member taste panel that consisted of selected faculty, staff, and graduate students who had prior experience with muscle food sensory tests. An Institutional Review Board (IRB) approval was obtained for the sensory evaluation. The panel was trained in preliminary sessions to identify the specific sensory traits of red claw crayfish using 20 other cooked red claw crayfish. A total of 3 panel sessions, corresponding to 0, 5, and 10 d of storage, were conducted. The sensory evaluation room contained partitioned booths each illuminated with red lights. No visible sign of physical or psychological anomaly was observed on any of the panelists during the sensory sessions, and the performance of each panelist was considered satisfactory.
Cooked tail meat was cut into approximately 1 cm 3 bits and mixed well before serving. Samples (M, F, and SF) were randomized in all panel sessions. A "warm-up" sample (pooled meat from 5 to 7 red claw crayfish) at the beginning of every panel session was evaluated as a reminder of the score range for each sensory trait. The following sensory characteristics were evaluated: lobster flavor, offflavor, rancidity, tenderness, and juiciness. Scores were assigned on an evaluation sheet that was marked with a 7-point line scale: for lobster flavor, 1 = mild, 7 = intense; for off-odor, 1 = nondetectable, 7 = intense; for rancidity, 1 = nondetectable, 7 = intense; for tenderness, 1 = tough, 7 = tender; and for juiciness, 1 = dry, 7 = juicy. Panelists marked on the scale (numbered 1 to 7) where they felt best described the sensory attributes. As consumers, panelists were
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Statistical analysis
Data were analyzed using the General Linear Models procedure of the Statistix 7.0 software package (Analytical Software, St Paul, Minn., U.S.A.) for microcomputers. Analysis of variance (AOV) was done to determine the significance of the main effects (gender, spawning, storage time). Significant differences (P < 0.05) between means were identified using least significant difference procedures. Regression analysis was run to determine possible correlations between instrumental and sensory panel results.
Results and Discussion
Proximate analysis
The tail weight of M red claw crayfish was slightly greater (P < 0.05) than that of F but was similar to that of SF (Table 1 ). There were no significant differences in the percentage moisture, protein, lipid, and ash between M and F muscles. The results were in agreement with those reported by Thompson and others (2004) . The percentage protein of SF muscle was higher (P < 0.05), but its moisture and ash content was lower (P < 0.05), than those of M and F. The higher protein content in SF muscle may be due to the nutritional need for spawning; and the lower ash content maybe due to some mineral transfer to the spawn during the period of spawning. Muscle lipid content was quite low (< 0.18% on a wet weight) for all 3 crayfish groups.
pH changes
The pH values of tail muscle samples analyzed on different postmortem storage times are displayed in Figure 1 . The pH initially dropped (to a minimum in 3 to 5 d) followed by an increase during subsequent storage, a pattern that was similar for all 3 crayfish groups. However, the M and F muscles had significantly higher pH than SF during the 1st 3 d, but on days 5 and 7, F muscle had a higher pH than M and SF (P < 0.05). Overall, spawning lowered the muscle pH, and the difference between F and SF surpassed that existing between M and F. The pH level in crustacean muscle is normally higher than that of fish and mammalian species because the former had a higher content of nonprotein nitrogenous compounds (Shahidi 1994) . Gonçalves and others (2003) studied quality changes of deepwater pink shrimp (Parapenaeus longirostris) and showed that the initial pH value of the pink shrimp was around 7.1, and the pH increased during storage. The death of an animal initiates major changes in the biochemical conditions in the muscle tissue. A pH decline immediately postmortem is generally ascribed to the accumulation of lactic acid due to glycolysis, but it is not clear why the red claw crayfish muscle pH continued to drop from day 1 to day 3 or day 5. Nevertheless, the subsequent pH increase may have resulted from the formation of amine compounds (for example, ammonia) from microbial and enzymatic activity (Finne 1982; Aberle and others 2001) . Alternatively, Pierson and Fox (1976) suggested an altered ion-protein interaction due to an increased influx of K + as a possible cause for postmortem pH elevation. So far, there is no literature report on the pH change in spawning crustacean or fish during refrigerated storage. The reasons that spawning female red claw crayfish had a reduced muscle pH could be due to certain special physiological conditions and/or muscle biochemical metabolisms that arose during spawning and continued after death. In our preliminary study, we noted slower postmortem protein degradation (autolysis) in refrigerated SF muscle than in F or M muscle (Kong and Xiong, unpublished data). The suppressed proteolysis (thus, a reduced release of amine groups or compounds) may be partially responsible for the lower pH of SF muscle.
Lipid oxidation
Oxidation is a leading cause for quality deterioration during processing and storage of muscle foods. Quality losses in oxidized meat products are generally characterized by flavor deterioration, discoloration, destruction of nutrients, and possible formation of toxic compounds. Since lipid oxidation was implicated in textural deterioration in many fish species (Shenouda 1980) , it was monitored during storage in this study. When stored at refrigerated temperature, lipids in meat oxidize and unsaturated fatty acids form hydroperoxides that are subsequently cleaved to secondary reaction products (Frankel 1998) . As shown in Figure 2 , TBARS in all 3 crayfish groups increased (P < 0.05) during the 1st 5 d and then decreased. The decline, which has also been observed in other studies, may be attributed to the reaction of malonaldehyde with proteins and other muscle constituents (Buttkus 1967; Park and others 2006) . No difference in TBARS was observed between M and F and between F and SF for any of the storage periods.
These results were in concert with the findings on freshwater prawn presented by Reddy and others (1981) . Tseng and others (2002) reported that TBARS in red claw crayfish muscle stored at 0
• C increased steadily from 0.341 mg/kg on day 0 to 1.492 mg/kg on day 14. The values were lower than those from the present study. The reason for the difference may be that in this study, red claw crayfish were stored at a higher temperature (2 • C instead of the more critical 0
• C) and the samples packaged with a transparent PVC film were constantly exposed to the fluorescent lights, rendering the samples more susceptible to lipid oxidation.
Cooking yield
Cooking yield of red claw meat was affected by gender and spawning and changed during storage (P < 0.05) (Figure 3) . In M and F, the cooking yields were 94.6% and 95.2% on 0 d, and increased (P < 0.05) to 96.3% and 97.8% after 10 d. Throughout storage, the cooking yield of F appeared to be higher than M, but the apparent difference was nonsignificant except on day 3 and day 10. The cooking yield of SF was 96.0% on day 0 and 95.9% 1 d later, and then decreased quickly to 91.7% by day 10, which was significantly lower than M and F (P < 0.05). The capability of red claw crayfish muscle to retain moisture upon cooking is attributed to water-binding by muscle proteins and water-holding within the muscle myofibril matrix (Van Lacck 1999) . Postmortem changes in muscle proteins, for example, cleavage of peptide bonds by endogenous proteases, would result in an increased net charge of proteins, thus, a stronger protein-water interaction. This may explain the improved cooking yield in M and F muscle samples stored for more than 7 or 10 d.
Warner-Bratzler shear force
Significant differences existed between M, F, and SF in their shear force values during postmortem storage. SF muscle had a higher shear force than M muscle at day 0 and than F muscle at day 3, and the difference remained over much of the storage time, that is, higher than M at 0, 3, 5, and 7 d, and higher than F at 5 and 7 d (P < 0.05) (Figure 4) . Moreover, while both M and F showed some fluctuations in the shear force change during storage, shear force of SF muscle continued to increase through 5 d and then decreased through the latter half of the storage time. On day 10, the muscle shear values for all the 3 groups were identical (P > 0.05).
The higher shear force of SF muscle probably resulted from a higher degree of protein aggregation implicated by the reduced cooking yield. It was noted that the pH of SF muscle was lower than the pH of M and F muscles on most of the sampling days (Figure 1) . With a muscle pH closer to the isoelectric point of myosin (pH 5.1), SF protein would be more prone to hydrophobic aggregation upon cooking when compared with M or F proteins. Another possible reason for the shear force difference was that SF muscle contained less proteolytic activity postmortem than M and F muscle, which was observed in our preliminary study (Kong and Xiong, unpublished data). Therefore, SF red claw crayfish muscle would have a more intact, thus, tougher, muscle structure. The shear force changes in the 3 crayfish groups-an initial increase followed by a subsequent reduction-may be explained by 2 opposing effects, namely tissue-toughening due to protein denaturation and tissue-softening due to proteolysis. At the prolonged storage stage, proteolysis would seem to be predominant and offset the counteraction of tissue-toughening factor (Tseng and others 2002) .
Sensory panel evaluation
The sensory panel results of cooked red claw crayfish meat are summarized in Table 2 . All 3 crayfish groups exhibited changes in sensory characteristics during storage. The lobster flavor was not affected (P < 0.05) either by gender or by storage time, and the panel detected essentially no rancidity in all samples even after 10 d. Yet, the panel identified a low-level off-flavor in all 3 crayfish groups, notably toward the end the refrigerated storage. Tenderness did not show significant changes during storage for M and F muscles, but decreased (P < 0.05) for SF after 5 d. Juiciness scores for M and F tended to be greater than that of SF, and the difference between the 10-d samples was significant. The deterioration in some of the quality attributes in SF muscle during storage led the panel members to conclude that the SF tail meat stored for 10 d at 2
• C was less acceptable than M and F tail meat.
Relationship between meat quality factors
When all the samples tested were pooled to perform regression analysis, the pH was found not to be correlated (P > 0.05) with muscle shear force or with tenderness although it was weakly correlated with cooking yield (r = 0.466, P < 0.05) and juiciness (r = 0.415, P < 0.10) ( Table 3) . Because both cooking yield and juiciness are governed by protein-water interaction, an increase in muscle pH-which would result in more net charges on protein-would allow more water to be immobilized in meat through hydrogen bonds. Cooking yield was not correlated with shear force (P > 0.05), and the lack of correlation suggested that red claw meat toughness was determined by factors other than the ability of protein or the myofibril matrix to bind water.
When data from instrumental analyses were compared with those from the sensory panel evaluation, significant relationships were noted between shear force and tenderness (r = −0.837, P < 0.01) ; off-flavor = 1 (nondetectable) to 7 (intense); rancidity = 1 (nondetectable) to 7 (intense); tenderness = 1 (tough) to 7 (tender); juiciness = 1 (dry) to 7 (juicy); overall acceptability = 1 (low) to 7 (High). b-d Means in the same row with different superscripts differ significantly (P < 0.05). and between shear force and juiciness (r = −0.679, P < 0.01). A weak correlation was also observed between cooking yield and tenderness (r = 0.540, P < 0.05), and between cooking yield and juiciness (r = 0.491, P < 0.05). Within the sensory analysis, tenderness was highly correlated with juiciness (r = 0.801, P < 0.01). Thus, Warner-Bratzler shear force could be used to predict tenderness and juiciness of red claw crayfish meat with reasonable accuracy.
Correlation analysis within individual crayfish groups also showed significant relationships between instrumental and panel results. For example, SF had a lower shear force and a lower cooking yield than M and F, and these gender and spawning effects were held true also for tenderness and juiciness evaluated by the taste panel (data not shown). However, although the level of lipid oxidation products (TBARS) increased slightly during storage, no corresponding rancidity could be detected by the sensory panel. It could be that the TBARS level in red claw crayfish muscle studied was below the detection threshold (3 mg/kg) as established by Sinnhuber and Yu (1958) . Whether the small amount of uncharacteristic off-flavor detected by the sensory panel was related to the small production of TBARS remains unclear.
Conclusion
R
esults from this study indicated that the spawning condition of Australian red claw crayfish influenced meat quality during refrigerated storage. In general, spawning female red claw crayfish had an inferior meat quality compared to male and nonspawning female red claw crayfish, that is, a reduced cooking yield, a higher shear force, and a lower sensory tenderness, juiciness, and overall acceptability. Meat quality differences between male and nonspawning females tended to be inappreciable. The meat quality variations observed between the 3 crayfish groups were not significantly correlated with the raw muscle pH, but tenderness and juiciness of cooked red claw crayfish could be reasonably predicted from the cooking yield and Warner-Bratzler shear force. Despite the effect of spawning and gender, red claw crayfish meat appeared to be stable during refrigerated storage in both textural and flavor properties.
